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Abstract 
For the practical nano-patterning, the energy and current of electron beam generated from a microcolumn should be high enough. 
However, it is difficult to control the electron resist because of the miniaturized structure of a microcolumn. A modified 
operation method to obtain a high current electron beam having affordable high energy is proposed. A bias potential is applied to
the accelerator electrode to enhance the probe beam current and the operation of Einzel lens is modified by introducing a floating 
potential to increase the output beam energy without changing the emitter tip voltage. Simulation results present that the floated 
mode operation can provide a high energy beam with smaller probe beam size, and the proposed microcolumn operation will 
offer an improved low energy electron beam patterning.  © 2008 Elsevier B.V.
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1. Introduction 
During last several years, the microcolumn technology has demonstrated a possibility for compact, efficient and 
portable electron beam column [1-6]. It has the length of one hundredth and compatible efficiency to that of 
conventional electron column, and easy to move and operate. It has been studied as a strong candidate for next 
generation technology in field of portable SEM, CD-SEM, and multi-beam lithography. Some impressive works 
have been reported by several groups concerning to operation and optimization of microcolumn. The previous report 
showed a noticeable achievement of the 10 nm size electron probe beam probe with a current of 1nA at beam energy 
of 1 keV [1]. 
In lithography application, the proper probe beam current and narrow beam width are key factors in patterning 
ability. The probe beam current should be high enough to penetrate into photo-resist and simultaneously not exceed 
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the damage threshold of microcolumn. The requisite currents for 50 nm lithography are 2 nA for a Gaussian type 
and 8 nA for a shaped beam type, assuming a throughput of 10 wafers of 300 mm per hour with arrayed 
microcolumn [4]. It is not easy to condense the electron beam to get enough current without increasing electron 
emitter voltage. In our previous works the electron probe beam was successfully condensed to 1 nA when the 
electron extraction voltage of 160 V was applied with the condition of negatively biased accelerator electrode [7, 8]. 
However, the electron beam energy is relatively low and it is difficult to control the electron resist for nano-
patterning. 
In this work, we discuss an advanced operation technology for simultaneous condensing electron beam current 
and increasing beam energy without increasing electron emitter voltage. The condensing electron beam from 
electron emitter was performed by applying an additional bias condition to one of the source lenses [8-9]. The 
electron emitter is usually negatively biased and emits electron beam to the 3-fold source lenses. The beam toward 
source lenses diverges, and only a portion of it passes through the lenses and travels along the column axis. The 
additional bias potential at source lenses enhances the directionality of electron beam and more electrons pass 
through the source lenses, therefore the condensed electron beam can be introduced to the electron microcolumn. 
Electron energy high enough to get a current image of nano-scale pattern can be obtained by a modified operation 
method of Einzel lenses [10]. Normal method to focus electron beam is biasing central electrode of Einzel lenses 
with two electrodes grounded similarly to that of convex lens. However, in the new method an additional potential 
to two outer electrodes was applied to get an additional function of lens system, which means the transformation of 
Einzel lenses from single lens system to three lenses system in our operation. Obviously, the controlling and 
focusing electron beam is improved, and one can get enhanced electron energy. This method was studied 
comprehensively with a simulation to investigate a proper electron tip voltage for successful penetration depth and 
width into resist layer. This new approach will improve the resolution and working distance in electron beam 
lithography application. 
2. Monte Carlo simulation on the electron beam penetration into resist layer 
The penetration depth and width of electron beam onto a resist layer depends on the electron energy focused by 
Einzel lenses. These factors were studied by Monte Carlo simulation to investigate the dependence of the electron 
beam energy on the distributions inside the resist layer of PMMA. Figure 1 is the simulation results of penetration 
depth and width of electron beam with several values of incident electron beam energy. The fitting functions of 
Gaussian and Lorentzian were applied to electron distributions of longitudinal and transverse directions along the 
electron column, respectively. The full widths at half maximum of penetration depth and distribution width 
increased exponentially from about 2 nm to 30 nm at beam energy range from 100 eV to 1 keV. The increasing rates 
of penetration depth and width grew bigger with the stepping up incident electron energy. The penetration depth and 
width of 2 nm and 1 nm at 100 eV were too small to do lithography. The values of penetration depth and distribution 
width at 1 keV were expected for proper values of electron beam lithography. Figure 2 shows the functional 
variation of penetration depth and width according to the incident electron energy. Open and solid circles denote 
polynomial fitting of penetration depth and width, respectively. The width of electron beam was estimated not to 
exceed 30 nm up to 1keV of incident electron beam energy, which is enough for low energy electron beam 
lithography. The penetration depth was also estimated larger than 10 nm at 500 eV of incident electron beam energy, 
which is also deep enough. 
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Fig. 1. Monte Carlo simulation results. (a) 100 eV, (b) 300 eV, (c) 500eV, (d) 700eV and (e) 1000 eV.
Fig. 2. The effect of electron beam on the electron resist obtained through Monte Carlo simulation (electron beam energy = 100 eV ~ 1 keV). 
The penetration depth and width of the low energy electron beam into the resist layer is presented by open and solid circles, respectively. 
3. Electron beam condensing using a bias potential 
For the multiple electron beam application to lithography, the achievement of high beam current is essential, and 
the way of increasing probe beam current without sacrificing resolution is very important. Though applying a higher 
extraction voltage to the emitter tip (Vtip) is the simplest way for obtaining a high probe beam current, the higher 
extraction beam current may burn the tip and extractor since the distance between them is merely ~100 ȝm. 
Therefore, an advanced approach to increase the probe beam current keeping Vtip unchanged has been tried by 
introducing an additional bias voltage (Vbias) to the accelerator electrode of a microcolumn, and the effect of Vbias
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has been studied through a simulation analysis using a commercial tool [11]. 
Fig. 3(a) depicts a typical structure of microcolumn. It is composed of an electron emitter, source lenses, a double 
octopole deflector and a focusing Einzel lens. Source lenses are composed of an extractor, an accelerator and a 
limiting aperture. These components are usually fabricated using MEMS technology and the details on the 
fabrication procedure can be found elsewhere [5]. Differently from the normal mode of operation, Vbias applied to 
the accelerator will make it possible to condense the e-beam effectively, depending on the ratio of Vbias to Vtip. In 
this simulation study, Vtip of ׺ 160 V was applied to the electron emitter tip, and the extractor and limiting aperture 
electrodes were grounded. But, to the accelerator, Vbias was applied in order to control the beam crossover and to 
achieve high probe beam current. Fig. 3(b) shows the change of e-beam according to Vbias simulated by a simulation 
tool [11]. At first, we will consider the case of negative bias potential. When Vbias is negative, the e-beam passing 
through the column axis will feel a repulsion field by this negative potential. If the field strength is strong enough, 
the beam divergence will become smaller forming a nearly parallel beam and eventually a beam crossover will 
occur. This situation is presented by the left-side images in Fig. 3(b). The beam diverging angle is much reduced 
when Vbias= ׺ 120 V compared with the case of Vbias = 0 V, and beam crossover is observed at Vbias = ׺ 150 V. 
The estimated probe beam current at the output of the microcolumn is presented in Fig. 4(a), which indicates that we 
can obtain the highest beam current when Vbias͑؁ ׺ 120 V. Actually, the magnitude of Vbias at which the probe 
beam current becomes highest varies with Vtip. We changed Vtip from ׺ 280 V to ׺ 100 V and found that the 
electron beam extracted from the emitter can be efficiently condensed when Vbias ؁ ͑׺ 0.8 Vtip and the probe beam 
current can be maximized near this region. 
Fig. 3. (a) The structure of a microcolumn. (b) The results of simulation work presenting the variation of electron beam according to the 
change of bias voltage (Vbias) applied to the accelerator. 
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Secondly, in case that Vbias is positive, the probe beam current increases as shown in Fig. 4(a). The monotonous 
increase of the probe beam current when positive bias voltage is applied can be explained with the accelerated 
delivery of the electrons to the Einzel lens region. When Vbias > 0, the beam divergence reduces gradually with 
Vbias and the beam becomes nearly parallel. When positive bias is high enough, the z-component of electron 
velocity is much larger than the component perpendicular to the z-direction and the beam divergence gets smaller 
with Vbias as shown in the right-side images in Fig. 3(b). Fig. 4(b) shows the variation of electron beam speed 
estimated along the column axis. In this figure, the solid, dashed, and dotted lines represent the variation of electron 
speed for Vbias = 0, Vbias > 0, and Vbias < 0, respectively. When positive bias is applied, the electron speed 
increases rapidly as it approaches to the accelerator, and the electrons are efficiently delivered from the source lens 
region to the Einzel lens region, with little blockage by the electrodes. After reaching its maximum at the 
accelerator, the electron speed decreases again and finally the electron speed corresponding to the three different 
cases approaches the same value, which means that the electron beam energy remains constant regardless of Vbias.
Fig. 4. (a) Probe beam current estimated by varying Vbias. (b) Variation of electron beam speed estimated along the optical axis. The solid, 
dashed and dotted lines represent zero, positive and negative bias, respectively. 
All the above discussion indicates that applying either a precisely selected negative bias or a sufficiently high 
positive bias voltage will reduce the electron beam divergence and result in the probe beam current enhancement 
without changing the emitter tip voltage. 
4. Floated mode operation of a microcolumn 
Usually, electron beam energy can be increased by applying a larger negative voltage to the emitter tip. However, 
as the distance between the tip and extractor is very close, high field strength between them will extract too high 
current and sometimes destroy the microcolumn itself by burning the tip and extractor. An alternative way of 
increasing beam energy keeping Vtip constant is designed and the performance of the microcolumn with this 
operation mode is studied through simulation experiment. Usually, Einzel lens is operated either in accelerating or 
retarding mode. In accelerating mode, the first (E1) and third (E3) electrodes composing the Einzel lens are 
grounded and the central electrode (E2) is positively biased, and in retarding mode negatively biased. As the sample 
is usually grounded, the e-beam energy impinging on the sample is determined by Vtip. In order to make the output 
beam have affordable beam energy, we changed the Einzel lens operation method by applying a floating potential 
(Vfloat) to E1 (VE1) and E3 electrodes (VE3). Vfloat will increase the energy of the electron beam impinging on the 
sample. This modified operation (hereafter, floated mode operation) has been tested through a simulation 
experiment. 
In this simulation, the thickness of three source lenses, i.e., extractor, accelerator and limiting aperture electrode 
is taken to be 2 ȝm and the thickness of each identical Einzel lens electrode is 20 ȝm and the spacing between 
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Einzel lenses is 250 ȝm. In normal operation, the potential applied to the emitter tip and extractor S1 (VS1) was -200 
V and +500 V, respectively, while the accelerator S2 (VS2) and limiting aperture S3 (VS3) were grounded. 
Therefore, the electron beam energy impinging on the sample surface is 200 eV. For the floated mode operation, we 
considered two cases. One is floated-accelerating mode in which the potential applied to E2 (VE2) is higher than 
Vfloat, and the other is floated-retarding mode in which VE2 is lower than Vfloat. The plots presented in Fig. 5 are the 
results obtained in floated-accelerating mode operation. Fig. 5(a) and (b) present the variation of the beam diameter 
(D) at the sample plane depending on the working distance (WD) and focusing voltage (VE2׺VE1 ), respectively. 
The solid squares in these figures represent the results obtained from the normal (Vfloat = 0 V) accelerating mode 
operation, and other open symbols represent those from the floated (Vfloat ؂  0 V) accelerating mode operation. We 
tried several different floating voltages ranging from 20 V to 900 V, and the focusing voltage has been varied from 
300 V to 2700 V. The beam diameter obtained with Vfloat of 20 V ~ 300 V is much smaller than that obtained from 
normal-accelerating mode, however it increases again as Vfloat increases further up to 900 V. Also, when Vfloat is 20 
V ~ 300 V, D increases slowly with WD, which suggests that we can operate the microcolumn with smaller D over 
a wider range of WD by operating a microcolumn with floating mode. In order to obtain smaller D, higher focusing 
voltage is required when Vfloat > 500 V as shown in Fig. 5(b). But, it is practically difficult to increase Vfocus too 
high. When Vfloat is 20 V ~ 300 V, the focusing voltage below 1500 V would be enough for the beam diameter of D 
؁  20 nm. Therefore, for the floated-accelerating mode operation of a microcolumn, Vfloat of 20 V ~ 300 V can be a 
recommended operating condition. 
Fig. 5.  Variation of beam diameter D depending on  (a) WD and  (b) focusing voltage obtained in floated-accelerating mode operation 
 with Vtip = 200 V,  VS1= + 500 V,  VS2=VS3= 0 V.  VE1 = VE3 = fixed, VE2 varied from 20 V to 900 V. 
Fig. 6. Variation of D depending on (a) WD and (b) focusing voltage obtained in floated-retarding mode operation with Vtip = 200 V, VS1= + 
500 V, VS2=VS3= 0 V. VE1 = VE3 = fixed, VE2 varied from 20 V to 900 V. 
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Fig. 6 presents the results obtained in floated-retarding mode operation. Fig. 6(a) presents the relation between D 
and WD, and (b) shows how D changes depending on focusing voltage. The symbols used in these plots are same as 
those used in Fig. 5. The data in Fig. 6(a) can be divided into three groups depending on Vfloat: Vfloat of 20 ~ 100 V 
(1st group), 300 V (2nd group), and 500 ~ 900 V (3rd group). Again, D varies linearly with WD, and the slope for 
the first and second group is slower than that for the third group. In case of the first group, the floated operation 
shows a similar behavior with the normal operation. That is, D is smaller in floated-accelerating mode than in 
floated-retarding mode. However, in case of the second group, the value of D obtained in floated-retarding mode 
operation is nearly same as that in floated-accelerating mode operation. In case of the third group, D obtained in 
floated-retarding mode operation is smaller than that in floated-accelerating mode operation. Vfocus considered in 
Fig. 6(b) is within the range of ׺ 100 ~ ׺ 1100 V, which can be reasonably acceptable for the practical 
microcolumn operation. Especially, by operating a microcolumn with the condition of the second group (Vfloat ؁
300 V) in floated-retarding mode, the probe beam with proper size and energy can be achieved by applying a 
relatively low focusing voltage for the whole WD range. Therefore, floated mode operation of a microcolumn can 
provide smaller probe beam with increased beam energy for wider WD range. 
5. Summary 
A novel way of increasing both the electron beam current and energy in a microcolumn by applying a bias 
voltage to the accelerator electrode and modifying the operation method of the Einzel lens has been proposed and 
studied through a simulation work. The efficient condensing of the extracted electron beam can be achieved either 
by a negative or positive bias potential to the accelerator electrode. Also, the way of obtaining a relatively high 
energy electron beam has been demonstrated by applying a floating potential to the two outer electrodes of the 
Einzel lens. When the floating potential is applied, the electron beam diameter decreased compared with the normal 
operation mode regardless of the floated-retarding or floated-accelerating mode. Moreover, the floated mode 
operation extended the range of working distance providing a sufficiently small probe beam. Especially, the floated-
retarding mode operation offers the best operation condition for the advanced microcolumn operation, reducing the 
beam size, increasing the beam energy and extending the operating range. 
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